system (1, 2). This initiative calls for performance-based work, in which a desired outcome is specified rather than materials or techniques to be used by the contractors to maintain the asset items. In performance-based contracts, road administrators define performance measures that specify the minimum acceptable condition at which the asset items should be maintained. To ensure that contractors maintain the asset items according to these measures, road administrators must design and implement a comprehensive and reliable performance monitoring process. One of the most important areas in the performance monitoring process is inspections conducted in the field. Field inspections require a significant amount of planning and careful monitoring. Defining a procedure that guarantees the success of field inspections is a challenge. When defining such procedure, road administrators must consider budget and time limitations, among others. These constraints influence the final techniques adopted that address issues such as the portion of the population to be inspected, frequency at which inspections should be conducted, and methodology to be used to collect information. Since performancebased road maintenance contracts are relatively new, the availability of guidelines that address such issues (with focus on performancebased contracts) is limited (2). This paper presents a three-stage and seven-step statistical sampling procedure developed to ensure that findings from field inspections will be reliable and representative with high confidence of the actual condition of asset items in the entire population. Also, this paper presents three alternative approaches of sampling for the cases when sampling needs to be performed not just once, but multiple times over the duration of a performance-based road maintenance contract (e.g., once in every year to monitor a contractor working under the terms of a 5-year-long performancebased road maintenance contract). Of note is that this paper does not discuss the operational issues related to the condition assessment process, such as frequency of inspections and inspection techniques. Discussion of points presented is limited to the sampling aspect of the condition assessment process.
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RANDOM INSPECTIONS
In road maintenance evaluations, conducting a 100% inspection may not be feasible because of time and cost constraints. The condition data for a number of asset items such as pavement and shoulders can be collected by using road scanning vehicles at traveling speeds without necessarily deploying crews to perform manual assessments in the field. However, data collection with respect to many other asset items, such as pipes, ditches, underdrains, and fences, requires a considerable amount of time to be spent by the crews in the field. It is not feasible to collect the condition information for such asset items for the whole population when such information cannot be collected at traveling speeds. When collecting information for the
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Maintaining the road infrastructure at a high level of condition with generally limited amounts of available funding is a challenge for many transportation agencies. To address this challenge, many road administrators worldwide have implemented performance-based maintenance contracts. In performance-based maintenance contracts, road administrators define performance measures (e.g., performance-based specifications) that specify the minimum condition at which the asset items are to be maintained. To ensure that contractors maintain the asset items according to these measures, road administrators must design and implement a comprehensive and reliable performance monitoring process. One of the most important areas within the performance monitoring process is inspection conducted in the field. Defining a procedure that guarantees the success of field inspections is a challenge. When defining such a procedure, road administrators must consider budget and time limitations, among others. Since performance-based road maintenance contracts are relatively new, the availability of guidelines for such issues (with focus on performance-based contracts) is limited. That need is addressed by presentation of a three-stage and seven-step statistical sampling procedure developed to ensure that findings from field inspections will be reliable and representative with high confidence of the actual condition of asset items in the entire population. Also presented are three alternative approaches for sampling for the cases in which sampling needs to be performed not just once but multiple times over the duration of a performance-based road maintenance contract.
The challenge of maintaining the road infrastructure at the best possible condition by investing the minimum amount of money keeps transportation agencies continually searching for innovative approaches to eventually provide optimum benefits to taxpayers. According to road administrators worldwide, in the last two decades, one initiative that has produced significant benefits is the implementation of performance-based contracts in maintenance of road infrastructure. In the United States, transportation agencies in Virginia, Florida, Texas, and District of Columbia have been active in implementation of performance-based road maintenance contracts. In the international arena, countries such as Argentina, Uruguay, Australia, New Zealand, Brazil, Chile, and Colombia are considered pioneers in implementation of this initiative as part of their strategies to preserve the road whole population is not feasible, performing random inspections is considered a useful way to maximize the benefits of the data collection effort (3) . The objective of random inspections is to measure or survey only a portion of the whole population of interest. Results obtained from the sampled portion are then generalized to the whole population at a certain confidence level. If the intent is to use sampling in the data collection process, as is mostly the case for road administrations (because of budget and time constraints), then the process should specify a sampling method. The selection of method and the complexity of the sampling process depend on characteristics of the population considered in the evaluation and the confidence at which the findings from the sampled population need to be projected to the entire population.
When considering the use of sampling in the evaluation process, it is important to understand any bias that may be inherent in the sampled data. Sample bias refers to the likelihood that a measurement by a sample of the population does not accurately reflect the measurement of the whole population. Random inspections and the collection of large samples are efficient ways to decrease sample bias. Moreover, this approach can make significant contributions such as reducing the cost of data collection and data analysis, and decreasing the time needed to complete an evaluation. However, one must consider that there are also some disadvantages associated with sampling or random inspection. One of the most significant disadvantages is that sampling does not collect all cases and, although statistically unlikely, may result in misidentification of the general condition. Moreover, the situation of missing observations may lead to loss of unique perspectives, affecting the quality of data. Thus, attention must be paid when defining and implementing sampling techniques (2) . With respect to the specific scenario, defining a methodology that addresses all the sampling needs associated to performance-based road maintenance evaluation is a challenge. The objective of this paper is to provide a detailed description of the approach used to define such procedure.
DEVELOPMENT OF SAMPLING PROCEDURE
The sampling procedure presented in this paper was developed in three stages, to do the following:
1. Perform a detailed analysis of the characteristics of performancebased road maintenance evaluations, 2. Study potential sampling techniques that can be used to improve the effectiveness and efficiency of the sample selection process, and 3. Define a comprehensive methodology for the selection of sample units that will ensure with a high confidence level that the findings from the sampled portion of the population are representative of the entire population.
A detailed description of each of these stages follows.
Characteristics of Performance-Based Road Maintenance Evaluations
The first step when defining any sampling application is to comprehensively study the particular properties of the population to be evaluated. This is Stage 1. With respect to performance-based road maintenance evaluations, understanding the characteristics of factors such as overall population, sample units, asset items within each sample unit, and acceptable quality levels for each asset item is crucial to guarantee the success of the sampling procedure to be defined. An evaluation of each one of these factors is presented as follows.
Population
The population normally considered for the road maintenance evaluations is defined by small road segments of a specific length. These segments are better known in sampling theory as the sample units. Sample units can be considered independently on each direction (north and south, east and west). For example, for a portion of a road that is 10 mi long running north and south direction and that is divided in sample units of 0.1 mi long, then the total population size will be 200 sample units (10 mi × 2 directions × 10 segments). Another important characteristic of the population is that portions of the road (population) can be exposed to very different conditions. In most cases, as in this one, it is of interest to evaluate areas with different characteristics separately. To address this need, it is recommended to divide the population in groups exposed to similar conditions, such as same geographical location, weather variation, urban and rural settings, traffic volumes, and type of asset items. For example, suppose that the first 5 mi of the 10 mi of road in the previous example are located in urban areas and the other 5 mi are located in rural areas, then the 200 sample units will be divided in two populations with 100 sample units each. This concept of dividing the population in groups with similar characteristics is better known in sampling theory as stratification of the population.
Sample Units
One important characteristic of each typical sample unit considered is that each contains more than one element to be evaluated. Such elements are named asset items. Each sample unit may have different number of asset items. Considering once again the example of the 10 mi of road portion, let us say that there is a total of five asset items that can be present on a given sample unit (0.1-mi long road segment). Obviously, not all sample units contain similar asset items. For example, 3 of 5 asset items can be present in one sample unit and 2 of 5 asset items can be present in another sample unit. This particular characteristic of each sample unit makes the development of an appropriate sample selection process complex. The challenge is to sufficiently inspect each asset item to guarantee the findings from the sampled population are representative, with high confidence, of the condition of the asset items in the entire population.
Performance Targets
Since the methodologies presented in this paper focus on performancebased evaluations, acceptable quality levels, better known as "performance targets," must be considered in the development of the sampling procedure. Performance targets are generally different for each asset item. For example, a performance target can state that it will be considered acceptable when 90% of the pipes in a population are in good condition, where good condition is defined according to specific performance criteria (e.g., greater than 80% of the pipe's diameter should be open), whereas the performance target for traffic signs can be 95%. The variability in performance targets among asset items is an important characteristic that can make a significant difference when determining the minimum number of samples required for each asset item.
Sampling Concepts and Techniques
Now that the characteristics and properties of the population under consideration are known, a review of sampling concepts is presented. This is Stage 2. The objective is identifying potential techniques that can serve as a platform to define the methodology that will better address sampling needs. The review of sampling theory focuses on the following three areas: (a) sampling mechanism for drawing samples from the population, (b) basic sampling concepts, and (c) formulas for sample size determination.
Sampling Mechanism
The proposed procedure entails three different sampling mechanisms to be used as discussed herein (2) . As previously mentioned, one need is to perform an independent evaluation of portions of the roadway system that are exposed to different conditions. For this reason, stratified sampling is used to be able to divide the population into subpopulations or strata. Once stratification is performed, then sample size for each asset item is calculated using the simple random sampling equations, as will be presented later in this paper. For the actual process of random sampling, a sampling mechanism known as sampling proportional to size is applied. In this sampling mechanism, instead of assigning equal probability (equal chance of being selected) to each sample unit, unequal probabilities are assigned to each sample unit based on the number of existing asset items in such sample unit. The objective of assigning unequal probabilities is to give more chance to the sample units that contain more asset items of being selected compared with the sample units containing less number of asset items. This approach is more cost-effective because field inspections can be accomplished by visiting a minimal number of sample units with many asset items, as opposed to a large number of units with a few asset items.
Basic Sampling Concepts
This section reviews the basic sampling concepts that will be used in the sampling procedure proposed by this paper (4, 5):
1. Population. Population is defined as the collection of N sample units denoted by Y 1 , . . . , Y N . Each sample unit is associated with a unit size a i . In the scenario, the unit size is determined according to the number of asset items. Each sample unit is associated with a quantitative response measurement, denoted as x i , that can be observed only if it is drawn and included in the sample. When the response measurement can only take two values (for convenience, x i = 0 or 1) the population is classified as a binary population. For instance, the scenario has a binary population because an asset item within a sample unit either meets the performance criteria (x i = 1) or it does not (x i = 0). The sampling concepts presented in this paper focus on a binary population, because one is dealing with such a population type.
2. Population proportion for each asset item. The objective of most sampling procedures is to make inferences about the population proportion, denoted by p and defined by the following:
Because the entire population is never observed, the population proportion cannot be known exactly. Instead, inferences about p are to be derived from the observed sample. p = # passing in the population total count in the population ( ) 1
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3. Sample proportion for each asset item. Inferences about the population are made through the use of sample proportion, denoted by p and defined by the following: 4. Confidence interval. A detailed assessment of uncertainty is available in the form of an interval estimate, which is meant to represent a region of high confidence, where the population proportion is thought to lie. Such interval, known as confidence interval, is stated with a numerical level of confidence, usually a high percentage such as 90%, 95%, and even 99% in some cases. In the case used here, the confidence interval for the population proportion p is where e is the desired (specified) precision rate, which will be discussed in detail later.
Formulas for Sample Size Determination
To determine the sample size for performance-based road maintenance evaluations, the following equations are used (6, 7) : where e = desired precision rate that should be specified by road administrators, z α /2 = confidence level coefficient, N = population size, and p = population proportion.
For simplicity, the factor N / N − 1 can be set to 1, which is a fair assumption for large populations-the case investigated in this paper (2) .
In the proposed methodology, it is recommended to assign the value of p as the minimum of the following two: the historical performance rate or the performance target. This definition results in p taking any value such that 0 ≤ p ≤ 1. However, p can not be chosen to be equal to 0 or 1. In such cases, the equations defined to determine the sample size are considered invalid as they yield to a sample size that is equal to 0. In addition to this restriction, p must be at least 0.5, which is the value to obtain the maximum sample size (2).
Proposed Sampling Procedure
This section, Stage 3, provides a detailed description of the steps required to implement the proposed sampling procedure for conducting performance-based road maintenance evaluations. The methodology is summarized in seven steps in which the sampling theories and concepts introduced in previous sections are combined. They provide comprehensive guidance on how to determine the appropriate sample size and then select sample units for evaluation. A description of each step follows.
Stratifying the Population
The population is stratified into different areas of interest, with the number of strata depending on the information needed and the different parameters to be incorporated in the analysis. Some of the criteria that can be considered to stratify the population were previously discussed (e.g., rural versus urban areas).
Defining the Sample Units
Once the strata are identified, the next step is to divide each stratum into sample units. It is suggested that one specifies the same sample length to all units. For instance, in the scenario, one can specify a sample unit length of 0.1-mi long, which divides each mile into 10 equal sample units in one direction and 10 in the other direction (if two directions are considered separately).
Identifying Asset Items on Each Sample Unit via Asset Density Database
Once the sample units have been defined, a density of all the asset items located within each sample unit needs to be created. What must be recorded in this asset density is not the exact quantity of a particular asset item on a given sample unit, whereby to establish if the asset item exists or not. For instance, a given sample unit may have 10 pipes. Information that needs to be recorded in the asset density database is only that pipes exist on that particular sample unit as opposed to specifying the exact quantity (in this case 10). Thus, the asset density can easily (and by spending a minimal amount of resources) be obtained by performing windshield inspections along with making use of the construction plans. The only required information is whether an asset item is present in a given sample unit and not the count, condition, or physical characteristics of such asset item. Table 1 presents an example of the kind of information needed in the asset density to properly implement the proposed procedure. As depicted, the population in Table 1 contains N = 95 sample units (Column 1) for which the existing asset items have been identified (Columns 2 through 5). The total of existing asset items in each sam-ple unit is added in Column 6. Note that in addition to the column with the total number of asset items on each sample unit, an additional column (Column 7) with the cumulative number of asset items is included. The purpose of having the cumulative number of asset items is to use them to define the intervals (Column 8) that will be used to determine the sites selected for inspection. This procedure is detailed in Step 7.
Creating the Database with the Sample Units Containing Each Asset Item
Before performing the calculations to determine the sample size for each asset item, complementary databases identifying the sample units containing each asset item within each stratum should be created. These databases are essential to guarantee the success of the random selection process discussed in Step 7. The information needed to create these databases can be derived from the asset density study conducted in Step 3. Table 2 provides an example of what these databases look like, based on the information provided in Table 1 . For instance, note in column 3 that database number 1 (for slopes) only contains sample units 1, 3, . . . , and 95. Sample unit number 2 is not included in database 1 because according to the information in Table 1 , that segment does not have slopes-that is, they do not exist.
Defining the Values of Parameters to Be Used in Sample Size Formulas
The next step is to define the values for parameters to be used in the formulas to determine the sample size. According to Equations 4 and 5, the parameters that need to be defined for each asset item are population size (N), standard normal deviate (Z α/2 ), population proportion ( p), and desired (specified) precision rate (e). As shown in Step 3, the value of N for each asset item is already calculated. The standard normal deviate Z α/2 value depends on the desired confidence level (CL). This value can be obtained from statistics tables. Among the most commonly used values for Z α/2 are 1.96 for a 95% CL (α = 0.05) and 1.65 for a 90% CL (α = 0.10). It is recalled that the value of p must be assigned as the minimum of the historical performance rate or the performance target (but not lower than 0.5). Finally, the desired precision rate e, as the name implies, must be defined by the road administrators according to the acceptable range within the confidence interval. 
Computing the Required Sample Size for Each Asset Item
The sample sizes determined for each asset item need to guarantee with high confidence that findings from the sampled portion of the population are representative of the general condition of the different asset items in the entire population. To identify the sample size for each asset item, Equations 4 and 5, which correspond to simple random sampling on a binary population, should be used. For example, let us assume that, as identified through the asset density database, a total of 91 sample units contain slopes. This value represents the total population for the slopes asset item (N = 91). Assuming that the values of Z α/2 , p, and e have been defined, one can compute the required sample size n for slopes by using Equations 4 and 5. This procedure must be repeated for each asset item within each stratum.
Once that is done, the actual random selection of sample units can be performed.
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Performing Random Selection of Sample Units
The first step in selecting sites for inspection is to generate random numbers. This random number must be generated from an interval of 1 through the total number of asset items on each stratum. The purpose of using this interval is to introduce the concept of "sampling proportional to the sample size" to the random selection process. Depending on the interval (Column 8 of Table 1 ) in which the random number is located, the sample unit associated with that particular interval will be selected. For example, according to Table 1 , if a value of 5 is randomly generated, then the sample unit that will be selected for inspection is unit 2. The remaining steps of the procedure to be followed, once a sample unit is selected, are illustrated in Table 3 .
As shown in Table 3 , sample units will be randomly selected from all the databases created in Step 4 until a particular asset item is sufficiently inspected. Then the list of databases used for the selection of samples is narrowed to only those databases containing the asset items that have not reached sufficiency (i.e., sample size determined in Step 6).
A closer look at Table 3 illustrates this process. For the first 35 sample units selected for inspection (order of selection 35), all databases were considered. However, after 35 sample units have been selected, the signals asset item met sufficiency (according to Column 6, which indicates that 22 sites were needed and 22 sites were selected). Nonetheless, since the cumulative number of selected sample units (n A ) containing slopes, guardrails, and sidewalks is lower than the number of sample units required (n R ) for such asset items, more sample units need to be selected for inspection. After the selection NOTE: represents the asset items that met sufficiency. a Represents the cumulative number of sites selected for inspection. b Represents the minimum number of sites required for inspection in order to meet sufficiency. c Represents the actual number of asset items selected for inspection. of the 35th sample unit at which sufficiency is met for the signals asset item, only databases 1, 3, and 4 are used for the selection of the next sample units. Note that after 50 sites were selected, the sidewalks asset item met sufficiency, which required another reduction in the databases considered for selection of the next sample units (only databases 1 and 3 are used after that point). This process is repeated until the sufficiency is met for all of the different asset items as shown in the last row in Table 3 (74 sites were required to sufficiently inspect all asset items).
Note in Table 3 that every time sufficiency is met for a given asset item, the cumulative number of such asset item selected for inspection, n A , remains the same as the number of such asset item required to be inspected, n R , even though the sampling continues to take place. This means that only the asset items that have not met sufficiency yet will be considered for inspection in the subsequent sample units selected. For example, let us consider in Table 3 the order of selection number 50, which corresponds to the selection of unit number 5. At this stage, two of the four asset items have met sufficiency (signals and sidewalks). However, one of these asset items, signals, had already met sufficiency in selection order number 35. If any sample unit selected for inspection after the signals asset item had met sufficiency (which occurs at selection order number 35) contains such asset item, then such asset item would not be selected to be inspected in those sample units, even though it exists. This approach makes the process more cost-effective since only the asset items within each sample unit that make a contribution to the sufficiency of asset items are selected to be inspected.
SAMPLING MULTIPLE TIMES OVER THE COURSE OF A PERIOD
Performance-based road maintenance contracts tend to last for long terms. Field inspections should be performed a number of times over the course of the contract to ensure continuous monitoring of the contractor's performance. Depending on the resources allocated by the transportation agency, the frequency of such inspections may range from four times a year to capture the seasonal effects on the asset items to once a year. Presented in this section are three alternative approaches of applying the sampling procedure discussed in the previous section for cases in which sampling needs to be performed not just once, but multiple times over the course of the performance-based contract duration.
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Keeping Desired Precision Rate e Constant
As discussed earlier, the value of p in Equation 5 must be assigned as the minimum of the historical performance rate or the performance target. In the absence of historical performance data, the performance targets as specified by the contract should be used in the sampling equations to determine the sample size. This is usually the case for the first sampling process (i.e., to evaluate the contractor's performance for the first time) for which no historical data are available. In Approach 1, starting with the second evaluation, p is chosen according to the aforementioned criterion. This means that, as a result of the first inspections, if the performance of the contractor is found to be less than the performance target for a given asset item, then the p used in the sampling procedure performed for the second inspections will be based on such performance. Consequently, in the second inspections, the determined sample size will be different from the one determined for the first inspections. This is mainly because, keeping every other parameter in Equations 4 and 5 (i.e., Z α/2 , e, and N) constant, sample size n changes when p changes. Therefore, if desired precision rate e is kept constant in multiple samplings, then the sample sizes resulting from such samplings will be different. Figure 1 depicts the relationship of p and n for an asset item with N = 785, Z α/2 = 1.96, and e = 0.04. Using Approach 1 for multiple samplings may result in considerable changes in the sample size from one evaluation to another. Using the case depicted by Figure 1 as an example, if a p of 0.95 is used to determine the sample size (for a given asset item) for the first evaluation of the contractor, resulting sample size is 100. Let us assume that as a result of the first inspections, the performance of the contractor (i.e., historical performance) is found to be at 0.80. Then, such should be used as the value of p for the sampling performed for second evaluations. That would result in a sample size of 258, which is a substantial increase from the first evaluations.
Stating Desired Precision Rate e Relative to Population Coefficient of Variation
One approach to deal with the issue of substantial changes in the sample size from one evaluation to another (as shown in Approach 1) is to state the desired precision rate e in the second and subsequent evaluations relative to the population's coefficient of variation (COV) as follows (4): where e initial is the value of e used in the first evaluations, and p initial is the value of p used in the first evaluations.
To better illustrate how this approach works, let us consider the following example: Suppose in planning a binary sampling experiment it is determined that a suitable e initial = 0.04 when p initial = 0.95. However, the interest is in estimating the value of e when p = 0.90. By substituting the known values into Equations 6 and 7, e can be calculated as follows:
Therefore, if this approach is used for the multiple sampling scenario, then the desired precision rates in different evaluations will be adjusted according to the p. This ensures that the sample size from one evaluation to another remains in the same order of magnitude. Figure 2 depicts the relationship of p and n when this approach is used for an asset item with N = 785, Z α/2 = 1.96, e initial = 0.04, and p initial = 0.95. As can be seen, with this approach, when p changes from 0.95 to 0.80, the sample size goes from 100 to 73. This is an insignificant change when compared with the change from 100 to 258, which was the case for Approach 1. However, concurrently (when p changes from 0.95 to 0.80) the desired precision rate e goes from 0.04 to 0.09, which may be too large for an acceptable precision rate.
Keeping the Sample Size Constant
Using Approach 2 for multiple samplings, while keeping the sample sizes close to each other, may result in considerable changes in the desired precision rate, as mentioned. It is possible to keep e in an acceptable range while not changing the sample size from one evaluation to another. In this approach, sample size is calculated for the first evaluations. In subsequent evaluations, the same sample size is used. Depending on the value of p that is used in such evaluations, e changes from one evaluation to another. Nonetheless, such change is less than what is encountered when Approach 2 is used. Figure 3 depicts the relationship of p and e when this approach is used for an asset item with N = 785, Z α/2 = 1.96, and n = 100. As can be seen, with this approach, when p changes from 0.95 to 0.80, e goes from 0.04 to 0.07. This is much less of a change when compared with the case for Approach 2 in which the change was from 0.04 to 0.09.
CONCLUDING REMARKS
This paper presented a sampling procedure that is developed to address the need of monitoring, effectively and efficiently, the contractors working under the terms of performance-based road maintenance contracts. The developed procedure is effective, for it ensures that the findings from the field inspections will be reliable and representative with high confidence of the actual condition of asset items in the entire population. Also, the developed procedure is efficient because field inspections can be accomplished by visiting a minimal number of sample units with many asset items rather than a large number of sample units with a few asset items. The result is substantial savings in cost and time in performing such inspections. Presentation of the developed procedure and approaches is in a stage-by-stage and step-by-step manner to help interested transportation agencies easily comprehend the concepts and implement the developed procedure.
The developed procedure has been implemented since 2002 to assist the Virginia Department of Transportation (DOT) in monitoring the performance of two separate contractors working under terms of performance-based road maintenance contracts. Both contracts are long term, necessitating development of the three alternative approaches of sampling for cases in which sampling needs to be performed not just once, but multiple times over the course of the contract duration, as presented in this paper. Of note is that such implementations used sophisticated computer programming approaches during sampling. Also, tablet computers with built-in intelligent forms were used in data collection to ensure that monitoring of the contractors from inception to finalization ran smoothly and was error free. Within all implementations that included a number of different scenarios (i.e., number of asset items in a given sample unit), the sampling procedure was found successful in obtaining the required confidence levels.
As stated, this paper does not discuss operational issues related to the condition assessment process, such as frequency of inspections and inspection techniques. Nevertheless, it is suggested that inspections be performed multiple times in a year to capture seasonal effects (resulting in climate and traffic changes) on the deterioration of asset items. Furthermore, in addition to performing condition assessment of the samples generated by the methodology described, it is suggested that continuous and comprehensive monitoring be performed of the whole population with respect to certain asset items, to capture conditions (such as large potholes and nonfunctioning signals) requiring emergency maintenance actions due to safety reasons. 
